Glutamate receptors are synthesized in the cell body and transported in intracellular compartments to the target synapse. The objective of the present study was to analyze the intracellular pool of glutamate receptors and determine whether the intracellular pool was related to the synaptic distribution of the receptors. As a model system, we chose the fusiform cell of the dorsal cochlear nucleus for which we have previously demonstrated that receptors are selectively targeted to synapses on apical and basal dendrites. A combination of retrograde tracing and postembedding immunogold labeling was used to quantify intracellular receptors in segments of apical and basal dendrites. Immunolabeling for GluR4 and mGluR1␣ is present at synapses on basal dendrites but not on apical dendrites, whereas immunolabeling for GluR2/3 is present at both populations of synapses. In the analysis of intracellular pools, we find that GluR2/3 is equally distributed in apical and basal dendrites, whereas GluR4 and mGluR1␣ are more concentrated in basal dendrites than in apical dendrites. These findings indicate that the distribution of intracellular receptors is related to that of synaptic receptors and suggest that a mechanism exists in neurons to target proteins to dendritic domains soon after synthesis. We found no evidence for the existence of a pool of intracellular receptors, which could represent a receptor reserve, near the postsynaptic density. Receptors were often found in clusters associated with tubulovesicular membranes of the endoplasmic reticulum, identified with immunoglobulin binding protein (BIP) or calnexin, suggesting that this organelle is involved in receptor transport in dendrites.
Glutamate receptors are synthesized in the cell body and transported in intracellular compartments to the target synapse. The objective of the present study was to analyze the intracellular pool of glutamate receptors and determine whether the intracellular pool was related to the synaptic distribution of the receptors. As a model system, we chose the fusiform cell of the dorsal cochlear nucleus for which we have previously demonstrated that receptors are selectively targeted to synapses on apical and basal dendrites. A combination of retrograde tracing and postembedding immunogold labeling was used to quantify intracellular receptors in segments of apical and basal dendrites. Immunolabeling for GluR4 and mGluR1␣ is present at synapses on basal dendrites but not on apical dendrites, whereas immunolabeling for GluR2/3 is present at both populations of synapses. In the analysis of intracellular pools, we find that GluR2/3 is equally distributed in apical and basal dendrites, whereas GluR4 and mGluR1␣ are more concentrated in basal dendrites than in apical dendrites. These findings indicate that the distribution of intracellular receptors is related to that of synaptic receptors and suggest that a mechanism exists in neurons to target proteins to dendritic domains soon after synthesis. We found no evidence for the existence of a pool of intracellular receptors, which could represent a receptor reserve, near the postsynaptic density. Receptors were often found in clusters associated with tubulovesicular membranes of the endoplasmic reticulum, identified with immunoglobulin binding protein (BIP) or calnexin, suggesting that this organelle is involved in receptor transport in dendrites.
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The selective targeting of neurotransmitter receptors to the postsynaptic plasma membrane is a f undamentally important but poorly understood process. Like other integral membrane proteins associated with the plasma membrane, receptors are synthesized predominantly in the cell body (Eshhar et al., 1993) and transported by way of intracellular organelles to the postsynaptic membrane where they form f unctional receptor complexes. Neurons are polarized cells with f unctionally and morphologically distinct axonal and somatodendritic domains, and proteins destined to occupy the different domains are sorted in the cell body after synthesis (Kelly and Grote, 1993) . However, within these two domains, the protein distribution is by no means uniform. This is particularly evident in the somatodendritic compartment where multiple synaptic inputs are found, often involving different neurotransmitters. Functional and distribution studies have confirmed that the appropriate neurotransmitter receptor is found postsynaptic to terminals releasing the corresponding neurotransmitter, showing that a mechanism must exist to ensure the proper location of a postsynaptic receptor (for review, see Petralia, 1997; Somogyi et al., 1998) .
However, the complexity of the protein organization in the somatodendritic compartment extends beyond that of placing the appropriate receptor at a particular synapse. The receptor families for most transmitters are complex, with multiple subtypes and subunits of any particular receptor expressed in any one neuron. Although this increases the potential diversity of a receptor family by allowing the neuron to place different combinations of receptors at different synaptic populations, it also increases the complexity of the targeting mechanisms necessary to achieve these distributions. To investigate the organization of glutamate receptors in neurons receiving multiple excitatory inputs, we have studied fusiform cells (FCs) of the dorsal cochlear nucleus that receive two different glutamatergic inputs. In FCs, GluR4 and mGluR1␣ are found only at auditory nerve synapses but not at parallel fiber synapses (Rubio and Wenthold, 1997a) . One mechanism by which a selective synaptic expression of a receptor may be achieved would be to use a synaptic anchor that stabilizes a receptor at the postsynaptic site. The discovery of the PSD95/ SAP90 family of proteins (for review, see Kennedy, 1997) and their interaction with NMDA receptors (Kornau et al., 1995; Kim et al., 1996) support the idea that an anchoring protein at a synapse may determine the expression of the receptor.
An alternative mechanism for achieving selective synaptic expression of a receptor involves the specific targeting of the intracellular organelles that contain receptors to a particular synaptic population. Both biochemical and immunocytochemical approaches have shown that a significant amount of most glutamate receptor subunits is present in the cytoplasm of neuronal cell bodies (for review, see Petralia, 1997) . In the present study we characterized the distribution of these intracellular receptors to determine whether the intracellular distribution is related to the synaptic distribution of the receptor. If this intracellular distribution is not organized in the dendritic compartment, it would suggest that receptor-containing organelles are indiscriminately transported to dendritic locations and that a local process, such as the interaction with a synaptic anchor, is the critical factor in controlling synaptic expression. On the other hand, if an intracellular pattern is found that is related to the synaptic expression pattern, it would suggest that the targeting of the organelles may play a role in the synaptic expression. To determine the answer to this question, we studied the distribution of intracellular glutamate receptors in FC s of the dorsal cochlear nucleus for which we have previously shown that glutamate receptors are differentially expressed at synapses in the apical and basal dendrites. Our results show that the intracellular distribution of receptors is related to the synaptic distribution.
MATERIALS AND METHODS
Antibodies. The antibodies used in this study are shown in Table 1 . All of them have been thoroughly characterized and widely used for immunocytochemical localization of glutamate receptors with light microscopy and pre-embedding and postembedding immunocytochemistry Petralia et al., 1996 Petralia et al., , 1997a Rubio and Wenthold, 1997a,b) . The monoclonal antibody to immunoglobulin binding protein (BiP) was obtained commercially (StressGen, Victoria, British Columbia, C anada). A polyclonal antibody to the C terminus of mGluR1␣ was kindly provided by Dr. David Hampson (University of Toronto) [described in detail in Baude et al. (1993) ].
Retrograde labeling with horseradish peroxidase and tissue preparation. Six Sprague Dawley rats were used for freeze-substitution immunogold labeling. Retrograde labeling with horseradish peroxidase (HRP) [developed with 3Ј,3-diamino benzidine tetrahydrochloride (DAB)] and tissue preparation are described in detail in Rubio and Wenthold (1997a) . Animals were perf used for 5-10 min with 200 ml of a fixative consisting of 4% paraformaldehyde and 0.5% glutaraldehyde in 0.12 M phosphate buffer, pH 7.2, and left intact for 5 hr at 4°C. The brains were then removed and fixed in the same fixative for an additional 30 min at 4°C. They were rinsed in three changes of 0.1 M phosphate buffer, pH 7.2, containing 4% glucose and stored overnight at 4°C in the same buffer. Sagittal sections (150 m) of the brain were cut in cold 0.1 M phosphate buffer, pH 7.2, containing 4% glucose, with a vibratome. Agarose (1%) in PBS was usually used to support the brains. The use and care of the animals in this study followed the guidelines of the National Institutes of Health Animal Research Advisory Committee.
Freeze substitution and immunogold labeling. The freeze substitution and postembedding immunogold technique for glutamate receptors, as described in detail by Matsubara et al. (1996) and Rubio and Wenthold (1997a) , was used. Freeze substitution and low-temperature embedding of the sections in a methacrylate resin were performed (van L ookeren C ampagne et al., 1991; Hjelle et al., 1994; Chaudhry et al., 1995) . Briefly, the sections were cryoprotected by immersion in graded concentrations of glycerol (10, 20, and 30%) in 0.1 M phosphate buffer and plunged rapidly into liquid propane (Ϫ184°C) cooled by liquid nitrogen in a Leica EM C PC cryofixation unit (Reichert, Vienna, Austria). The samples were immersed in 0.5% uranyl acetate dissolved in anhydrous methanol (Ϫ90°C, 24 hr) in an AFS cryosubstitution unit (Reichert). The temperature was raised in steps of 4°C / hr from Ϫ90°to Ϫ45°C. The samples were washed three times with anhydrous methanol and infiltrated with L owicryl HM20 resin (Polyscience, Warrington, PA) at Ϫ45°C, with a progressive increase in the ratio of resin to methanol. Polymerization was performed with ultraviolet light (360 nm) for 48 hr.
Postembedding immunoc ytochemistr y. Colloidal gold-coupled goat anti-rabbit IgG (5 nm GAR G5 and 10 nm GAR G10; Amersham, Arlington Heights, IL) was used to detect rabbit polyclonal antibodies and goat anti-mouse IgG (5 nm GAM G5, 10 nm GAM G10, and 15 nm GAM G15) was used to detect mouse monoclonal antibodies (Table 1 ). All procedures were performed at room temperature. Ultrathin sections (60 -70 nm) on nickel grids (300 mesh) were incubated in the following solutions: (1) 0.1% sodium borohydride and 50 mM glycine in Trisbuffered saline containing 0.1% Triton X-100 (TBST; 10 min); (2) 10% normal goat serum (NGS) in TBST (10 min); (3) polyclonal primary antibodies against GluR1, GluR2, GluR2/3, GluR4, mGluR1␣, and calnexin or monoclonal primary antibodies against mGluR1␣ and BiP (Table 1) in TBST containing 10% NGS (2 hr); (4) TBST (10 min); (5) 10% NGS in TBST (10 min); and (6) colloidal gold-coupled secondary antibody diluted 1:20 in TBST containing 10% NGS and polyethylene glycol 20,000 (5 mg /ml, 1 hr). The ultrathin sections were counterstained with 1% uranyl acetate and 0.3% lead citrate and studied with a JEOL JEM-100C X II transmission electron microscope at 60 kV. Controls were performed by omitting the primary antibody. Also, preadsorption controls were performed by incubating the primary antibody plus 50 g /ml (final concentration) of the specific peptide, conjugated to BSA with glutaraldehyde, at 4°C for 24 hr, then centrif uging and incubating with the ultrathin sections.
Double labeling with polyclonal and monoclonal antibodies (Table 1 ) was performed in the same incubation step. Colloidal gold-coupled secondary antibody (5 nm anti-rabbit and 10 or 15 nm anti-mouse) diluted 1:20 in TBST containing 10% NGS and polyethylene glycol 20,000 (5 mg /ml, 1 hr) were incubated together.
Control experiments, in which the rabbit (GluR2/3, GluR4, and mGluR1␣) antibody was incubated with the anti-mouse secondary antibody, or the mouse (mGluR1␣ and BiP) antibody was incubated with the anti-rabbit secondary antibody, showed no immunoreactive labeling. Double immunogold labeling using polyclonal antibodies (Table 1 ) was performed as described previously (Wang and Larsson, 1985; Matsubara et al., 1996; Landsend et al., 1997) using paraformaldehyde vapors between two sequential immunogold labeling procedures. Briefly, the first immunogold labeling was performed with a polyclonal antibody using colloidal gold-coupled goat anti-rabbit IgG (5 nm GAR G5, Amersham) as the secondary antibody. After 1 hr treatment with parafor- Rubio and Wenthold (1997b) maldehyde vapors at 80°C, the grids were washed with H 2 O and Trisbuffered saline containing 0.1% Triton X-100. The second immunogold labeling was performed by incubating with a polyclonal antibody and using colloidal gold-coupled goat anti-rabbit (10 nm, Amersham) as secondary antibody.
All double immunogold labeling was repeated after changing the size of the gold particles. Control experiments were performed by omitting the primary antibody. An additional control consisted of omitting the primary antibody in the sequential immunogold labeling after the treatment with paraformaldehyde vapors. Electron micrographs were taken at 27,000ϫ magnification and scanned using a 45 Leafscan (Leaf System, Southborough, M A). Treatment of the image was performed with AdobePhotoshop, using only the brightness and contrast commands to enhance the gold particles.
Identification of f usiform cell dendrites. L ocation and standard morphological characteristics were used to distinguish the different segments of apical and basal dendrites of FC s. In this study apical and basal dendrites were divided into three and two segments, respectively, depending on their branching and distance from the cell body. Only dendritic profiles presenting electron-dense granules of HRP in the same section or in the adjacent sections were considered in this study. All data were obtained from three different animals.
Apical dendrites are located in the upper portion of the f usiform cell layer above the cell bodies and in the molecular layer. It was not unusual to observe a thick dendritic segment, in continuity with the apical pole of the cell body and with ultrastructural characteristics similar to those that have been described previously for other bipolar neurons (Peters et al., 1991) . These segments were considered to be primary apical dendrites (ADI). When dendrites were not observed in continuity with the cell body, only those dendritic profiles sharing the same location and thickness (ϳ3.0 m) were considered ADI. These dendrites have a cytoplasmic membrane without dendritic spines. In the same ultrathin section or in adjacent sections, ADI could be observed branching into thinner dendrites (1.5-2 m) that were identified as secondary dendrites (ADII). Ultrastructurally, ADII differ from ADI and from the cell body by the absence of rough endoplasmic reticulum (ER) and by the presence of some dendritic spines. Segments identified as distal or tertiary dendrites (ADIII, ϳ70 m distal from the cell body) were located in the molecular layer and had spines receiving the parallel fiber input from granule cells (Rubio and Wenthold, 1997a) .
Basal dendrites are located in the f usiform cell layer underneath the cell bodies and extend to the first third of the deep layer of the nucleus. Proximal basal dendrites (BDI) were considered to be all the f usiform cell dendrites identified with HRP, in the same or in adjacent ultrathin sections, that were located within the first 50 m from the cell body and were ϳ4 m thick. These dendrites were often observed in continuity with the basal pole of the cell body. Distal basal dendrites (BDII) were located in the first third of the deep layer and were ϳ1.5 m thick.
Identification of cartwheel cell dendrites. C artwheel cells are the most numerous inhibitory interneurons in the dorsal cochlear nucleus (DC N). Their cell body and dendrites are located in the superficial or molecular layer of the nucleus. At the electron microscope level, we identified their dendrites on the basis of their characteristically spiny appearance and their multiple excitatory inputs from the parallel fibers of the granule cells (Wouterlood and Mugnaini, 1984) .
Quantitative evaluation of glutamate receptor immunolabeling. The relative density of glutamate receptor immunolabeling in FC s of the dorsal cochlear nucleus was determined in a sample of 391 dendritic areas and 384 presynaptic areas. The sample included more than 20 areas for each of the dendritic profiles and for each of the antibodies analyzed. The sample of the presynaptic labeling included more than 70 areas for each of the antibodies.
In Purkinje cells of the cerebellum, the relative density of the GluR4 subunit of the AM PA glutamate receptors was determined in a total of 26 areas including cell bodies, dendrites, and dendritic spines. In the case of CA1 pyramidal cells of the hippocampus, a total of 25 areas were analyzed to calculate the relative density of mGluR1␣ using the Ab-2 monoclonal antibody.
After the gold particles for each dendritic profile were counted, the perimeter of each dendritic segment was traced with the help of a digitizing Summagraphics tablet attached to a personal computer. Data were analyzed using morphometry software (Neurolucida, Microbrightfield, Colchester, V T), which calculated the area of each profile. Once the number of gold particles and the area of each profile were known, the average density of gold particles was computed automatically for each type of dendritic or presynaptic profile.
Statistical comparison (t test, two-sample assuming unequal variances) was performed using the Microsoft E xcel (4.0) program.
Quantitative evaluation of glutamate receptor immunolabeling as a f unction of distance f rom the synapse. The relative density of the GluR2/3 subunit of AM PA receptors as a f unction of distance from the auditory nerve synapse was determined in 296 areas of 15 basal dendrites of FC s as follows. Taking as zero the center of the postsynaptic density, arcs of 0.12 m intervals were drawn extending from the postsynaptic density to a distance of 2.64 m. Gold particles per each dendritic arc profile were counted manually, and the perimeter of each dendritic segment was traced as described above. Using Neurolucida, the area of each profile was calculated. Once the number of gold particles and the area of each profile were known, the average density of gold particles was computed automatically for each of the dendritic arcs.
RESULTS

Properties of glutamate receptors in fusiform cell dendrites
To identify fusiform cells and their apical and basal dendrites, HRP was injected into the inferior colliculus of rats and allowed to retrogradely transport to the FCs (Rubio and Wenthold, 1997a) . Only dendrites containing granules of HRP were analyzed.
For all glutamate receptors studied, gold particles were observed throughout the cytoplasm of dendrites (Fig. 1) and at the postsynaptic membranes of synapses formed with the auditory nerve and with parallel fibers, as described previously (Rubio and Wenthold, 1997a) . Gold particles were often associated with smooth membranes, characteristic of the ER, which has been reported to extend from the cell body to the most distal dendrites, including dendritic spines (Spacek and Harris, 1997) . To characterize further the nature of the intracellular membranes with which glutamate receptors are associated, we used double immunogold labeling for glutamate receptors and for specific proteins of the ER, BiP and calnexin (Villa et al., 1991; Krijnse-Locker et al., 1995; Torre and Steward, 1996; Gardiol et al., 1998) . Immunofluorescence staining of BiP and calnexin in FCs showed that the ER was not restricted to the cell body but extended into both apical and basal dendrites in a reticular-like continuous pattern (data not shown). Postembedding immunocytochemistry showed that gold particles labeling for BiP and calnexin were associated with membranes in apical and basal dendrites and in dendritic spines of FCs (Fig. 2 A) . The membranes identified with the ER markers appeared to have a tubulovesicular-like shape and were found in the cytoplasm of dendrites, between cytoskeletal structures and around mitochondria. In some cases, labeling was seen near the postsynaptic density (Fig. 2 A,E) .
Double immunogold labeling with a polyclonal antibody to GluR2/3 and a monoclonal antibody to BiP or with a polyclonal antibody to calnexin showed that many of the membranes that 4 spine ( 1) on basal dendrites. The postsynaptic membrane (arrowheads) contains 5 nm gold particles specific for GluR2/3, and the cytoplasm of the spine ( 1) contains 15 nm gold particles specific for BiP. C, D, Proximal (BDI ) and distal (BDII ) basal dendrites, respectively, after double immunogold labeling with a polyclonal antibody specific for GluR4 (5 nm) and a monoclonal antibody for BiP (15 nm). In both dendrites, membranes of the endoplasmic reticulum showed immunogold labeling for BiP (15 nm) dispersed in the cytoplasm of the dendrite. Gold particles labeling GluR4 (5 nm; D, arrow) are associated with the same membranes labeled for BiP (arrowheads), but mostly are seen forming groups (C, arrows; D, 1 and 2) of particles associated with membranes that do not contain labeling for BiP. E, Double immunogold labeling with a polyclonal antibody specific for GluR2/3 (5 nm) and calnexin (15 nm) in a distal basal dendrite (BDII ) of a f usiform cell. Colocalization of 5 and 15 nm gold particles is observed in a vesicle-like structure close to the plasma membrane adjacent to an auditory nerve synapse (AN ). Gold particles labeling GluR2/3 are observed at the postsynaptic membrane of the auditory nerve (arrowheads) and in a smooth membrane in the cytoplasm (arrow). Insets show higher magnification of A: 1-3. Scale bar, 0.25 m; insets, 50 nm; E, 0.12 m. Figure 3 . Double immunogold labeling of AM PA receptor subunits and metabotropic receptors in f usiform cells. A, Double immunogold labeling with polyclonal antibodies to GluR2/3 (10 nm gold) and GluR4 (5 nm gold; arrows and 1, 2) in a distal basal dendrite (BDII ). C lusters of gold particles (5 and 10 nm) are observed distributed with a nonoverlapping pattern in the cytoplasm of the dendrite. B, C, Double immunogold labeling with polyclonal antibodies to GluR4 (5 nm) and mGluR1␣ (10 nm; Ab-1) in the Golgi apparatus (*, B) in the basal pole of the cell body, and a basal distal dendrite (BDII, C). In the cell body ( B), 5 nm gold particles specific for GluR4 are observed organized in groups at the trans-Golgi network (TGN, 1) . However, only single 10 nm gold particles are observed for mGluR1␣ (arrowhead). In the BDII ( C), clusters of 5 nm (1, 2) and 10 nm gold particles are observed in the cytoplasm, but there is no overlapping pattern in the distribution of these groups of gold particles. D, E, Double immunogold labeling with polyclonal antibodies to GluR2/3 (5 nm) and mGluR1␣ (10 nm; Ab-1) in the Golgi apparatus (*, D) in the basal pole (Figure legend continues) were immunopositive for ER proteins also were immunopositive for GluR2/3 (Fig. 2 A,B) . However, in nearly half of the cases, GluR2/3 labeling was seen associated with membranes that were not immunogold-labeled for BiP or calnexin, both in apical and basal dendrites. A similar pattern of labeling was observed when we analyzed basal dendrites after double immunogold labeling for GluR4 or mGluR1␣ with BiP (Fig. 2C,D) or calnexin (Fig.  2 E) . These results may suggest that there are at least two intracellular membrane populations, one associated with ER markers and the other not. However, we can only speculate about this conclusion, because immunogold labeling does not detect all of a particular antigen and because the double labeling results are not quantitative (Nusser et al., 1998; Petralia et al., 1999) .
In analyzing the distribution of glutamate receptors in FC dendrites, we observed that labeling often occurred as groups of 2-12 gold particles (Figs. 2-7) . This was seen for the AMPA receptor subunits and for mGluR1␣. Such a pattern would support the idea that several receptors are organized together or are contained within a single organelle. Although we cannot rule out the alternative interpretation that the multiple gold particles are caused by several secondary antibodies binding to a single primary antibody, it is important to note that such a pattern is not present at the synapse, where labeling of receptors is often seen as a single row of a few gold particles. Furthermore, labeling of calnexin and BiP did not generate the multiple gold particle pattern in dendrites that was seen with receptors ( Fig. 2) . Similar patterns of labeling were seen in Purkinje cells and hippocampal pyramidal cells (data not shown), indicating that this phenomenon is not limited to FCs.
By double immunogold labeling, we analyzed the relationship between different receptors in the intracellular pool of basal FC dendrites (Fig. 3) . In comparing the distributions of mGluR1␣ and AMPA receptor subunits with double labeling (more than 50 cases were analyzed), we did not find both types of receptors in the same intracellular clusters, suggesting that these receptors are not packaged in the same organelles ( Fig. 3B-E) . In comparing the distributions of GluR2/3 and GluR4 (Fig. 3A) , we also found no co-labeling of groups in the intracellular pool (more than 50 cases were analyzed). Because the AMPA receptor subunits are known to assemble into heteromeric complexes, our results suggest that GluR2/3 and GluR4 do not form complexes in FCs or that other factors, such as steric restraints, prevent labeling of multiple subunits in a complex. To examine this possibility, we studied the distribution of AMPA receptor subunits in the cartwheel cell, which is also present in the DCN and expresses multiple AMPA receptor subunits (Hunter et al., 1993; Petralia et al., 1996) (Fig. 4) . The labeling was seen mostly in "groups" of gold particles associated with smooth membranes and cytoskeleton, as in FCs. However, unlike the pattern seen in FCs, in these groups colocalization of GluR1 and GluR2/3 or GluR2/3 and GluR4 was seen in Ͼ50% of the cases. These results suggest that in FCs, GluR2/3 and GluR4 are packaged separately in dendrites, 
of the cell body and in BDI ( E).
In the cell body ( D), 5 nm gold particles labeling the GluR2/3 subunit are observed forming groups of particles (1, 2) at the TGN. In the case of the antibody labeling mGluR1␣, only single gold particles (arrowheads) are observed at the TGN, whereas groups of 10 nm gold particles are observed associated with the rough endoplasmic reticulum (arrowhead). In basal dendrites, groups of 5 and 10 nm gold particles are observed dispersed and associated with smooth membranes and cytoskeletal structures, with a nonoverlapping pattern. Insets show higher magnification of 5 nm gold clusters (1, 2). Scale bar, 0.25 m; insets, 50 nm.
leading to the conclusion that these subunits are not contained in a single receptor complex.
The organization of intracellular glutamate receptors in FC dendrites
Because the synaptic pattern of glutamate receptor labeling differs for apical and basal dendrite synapses in FCs, we can answer the question of whether the intracellular receptor pool is related to the synaptic receptors by comparing the distribution of intracellular receptors in apical and basal dendrites. As shown in Figure 1 , FC dendrites were divided into zones based on their branching patterns and distance from the cell body. The distributions of the AMPA receptor subunits GluR2/3 (Fig. 5) and GluR4 (Fig. 6 ) and of the metabotropic receptor mGluR1␣ (Fig.  7) were determined by measuring the density of gold particles in the different dendritic segments (Fig. 8) . GluR2/3 labeling was present in all dendritic segments at a relatively high density of gold particles. Highest density was seen in the distal segments, ADIII and BDII, with lower ( p Ͻ 0.01) values for the other segments. GluR4 labeling, seen only at the basal synapses (Rubio and Wenthold, 1997a) , was significantly higher in the basal dendrite segments than in the apical segments ( p Ͻ 0.01). A similar distribution pattern was seen for mGluR1␣, which is also found only at the basal dendrite synapses.
One interpretation of these distribution results is that an intracellular pool of receptors is present near the synapse and that this pool can serve as a reserve for rapidly adding receptors to the synaptic membrane. To determine whether intracellular receptors are concentrated near the synapse, the density of GluR2/3 labeling as a function of distance from the synapse was determined. As shown in Figure 9 , no selective accumulation of receptor was found associated with synapses. The correlation coefficient between the distance from the postsynaptic density and the density of gold particles was not statistically significant.
Controls
We used 5 nm colloidal gold to produce the highest possible signal. We also used more than one antibody to some receptors to ensure that the observed patterns are receptor specific. Although the number of antibodies to distinct epitopes on any one glutamate receptor is limited, similar patterns of intracellular distribution were seen for all receptors. Such patterns were different from those obtained with BiP and calnexin. For mGluR1␣, three distinct antibodies were used and showed similar distribution patterns. Labeling with antibodies selective for GluR2 was similar to that with antibodies to GluR2/3. A series of routine controls, including omission of primary antibody in the first and sequential immunogold labeling and adsorption with the peptide conjugate, was performed for the AMPA receptor antibodies and the C-terminus mGluR␣ polyclonal antibodies. This resulted in essentially undetectable labeling in all cases.
Negative controls included assessment of labeling for receptors in presynaptic terminals and cells known to lack the receptors. As has been shown previously, quantification of the presynaptic gold particles showed very low labeling for antibodies to AMPA receptor subunits and mGluR1␣ (Fig. 8, see legend) . A large number of immunocytochemical, in situ hybridization, and single-cell PCR studies have identified neurons that do not express some of the glutamate receptors. For the AMPA receptors, GluR1, -3, and -4, in particular, have limited patterns of expression. mGluR1␣ is also expressed in a limited number of neurons. Cells that do not express a particular receptor serve as ideal controls for immunocytochemical labeling because they can be used on the same preparations as the experimental labeling, thus avoiding possible differences between animals that can occur because of variations in fixation and tissue processing. In the present study, we used the Purkinje cell, which does not express GluR4 (Petralia and Wenthold, 1992) , as a control for the labeling of GluR4 (Fig.  10) , and the CA1 pyramidal cell of the hippocampus, as a control for the labeling of mGluR1␣ (Petralia et al., 1997a) . In analyzing subcellular labeling, gold particles labeling GluR4 and GluR1, which is expressed in very low levels in adult Purkinje cells (Petralia and Wenthold, 1992; Martin et al., 1993) , were rarely seen in cytoplasm of dendrites or the cell body of Purkinje cells. We calculated the density of gold particles for GluR4 in different areas of dendrites and cell bodies of Purkinje cells, obtaining a very low level (0.36 Ϯ 0.16 SEM gold particles/m 2 ). On the contrary, gold labeling was preferentially located in Bergmann glial, which express GluR1 and GluR4 (Petralia and Wenthold, 1992; Gallo and Russell, 1995) in processes that surround dendrites (Fig. 10 A,B) , dendritic spines (Fig. 10C,D) , and cell bodies (data not shown) of Purkinje cells. We also obtained a very low density of gold particles (0.27 Ϯ 0.09 SEM gold particles/m 2 ) for mGluR1␣ in CA1 pyramidal neurons. These "background" values that we obtained for mGluR1␣ and GluR4 are similar to the lowest values we found in fusiform cell dendrites.
DISCUSSION
The objective of the present work was to study the intracellular pool of glutamate receptors and determine whether the distribu- tion of the intracellular pool is related to the synaptic distribution of the receptors. As a model neuron, we chose the FC of the dorsal cochlear nucleus, for which we have previously demonstrated that receptors are selectively targeted to synapses on apical and basal dendrites. From our present results, we can draw the following major conclusions. (1) The intracellular receptor pool is related to the synaptic pool. Receptors expressed only at basal dendrite synapses were relatively more abundant in intracellular pools in basal dendrites than in apical dendrites. Receptors expressed at both populations of synapses were equally abundant in intracellular pools of basal and apical dendrites.
These results suggest that a mechanism is present to selectively sort and target receptors soon after synthesis. (2) Although the pool of intracellular receptors reflects the synaptic pool, we find no evidence for an intracellular reserve of receptors that is concentrated near the synapse. Therefore, recruitment of synaptic receptors would involve receptors distributed throughout the dendrite. membranes, indicating that this intracellular membrane system may represent the cytoplasmic organelle by which most intracellular receptors are transported throughout dendrites.
Distribution of intradendritic glutamate receptors
Based on the distribution of mRNA, glutamate receptors appear to be synthesized predominantly in the neuronal cell body (Eshhar et al., 1993; Hunter et al., 1993; Lauri and Seeburg, 1994; Bahn and Wisden, 1997) . Therefore, receptor expression at the postsynaptic plasma membrane requires an effective mechanism to selectively move receptors to their appropriate locations throughout the somatodendritic compartment. The presence of relatively large intracellular pools of ionotropic and metabotropic glutamate receptors has been documented in many ways, including immunocytochemistry using immunoperoxidase, immunofluorescence and colloidal gold, biochemical approaches to quantify intracellular and surface receptors, and the use of green fluorescent protein (GFP) tagged to glutamate receptors in an in vitro assay (Petralia and Wenthold, 1992; Doherty et al., 1997; Hall and Soderling, 1997; Mammen et al., 1997; Huh and Wenthold, 1999) . These studies indicate that 30 -60% of AMPA receptors are associated with intracellular pools, which presumably are receptors that are destined for synaptic expression or have been removed from the synaptic membrane and are either being recycled or awaiting degradation.
Our analysis of the distribution of AMPA and metabotropic receptors in the dendrites of FCs shows that the intracellular receptor pool is related to the synaptic pool such that dendritic segments lacking a particular synaptic receptor have a much lower level of intracellular receptor. Such a distribution is consistent with a mechanism that targets receptors soon after synthesis. This differential targeting between two different dendritic segments can be compared with the compartmentalization that is found in other systems, such as polarized epithelial cells (Drubin and Nelson, 1996; Wozniak and Limbird, 1996) and axonal versus dendritic sorting that takes place in neurons and occurs at the level of the Golgi apparatus (Kelly and Grote, 1993) .
Although the distribution in dendrites is consistent with the receptor being transported to the synapse, alternative explanations include the following possibilities. (1) The low level of intracellular receptor in dendritic branches that lack synaptic receptors could result from the selective degradation of receptors. Such a mechanism seems inconsistent with the generally long half-lives of AMPA and NMDA receptors (Ͼ1 d) (Mammen et al., 1997; Huh and Wenthold, 1999) , but it has recently been shown that a pool of unassembled NR1 is rapidly degraded in cultured granule cells (Huh and Wenthold, 1999) . This may suggest the presence of a mechanism to degrade unnecessary receptors rapidly. (2) The pool of intracellular receptors may be made up predominantly of receptors that have been removed from the synaptic membrane and are being returned to the cell body for degradation. Evidence arguing against this are the recent GFP-tagged receptor experiments showing that the newly synthesized intracellular pool of receptors can be recruited to the synapse .
In our analysis of the distribution of intracellular receptors, we did not find evidence for a pool of receptors concentrated near Figure 8 . Histograms showing the relative density of gold particles and SEM for GluR2/3, GluR4, and mGluR1␣ (Ab-2) in different dendritic segments of fusiform cells. GluR2/3 immunolabeling is present in all dendritic segments, but with the highest level in both distal apical and basal dendritic segments (the difference between these two distal dendritic segments is not statistically significant, p Ͼ 0.01; the difference among the rest of the dendritic segments is statistically significant, p Ͻ 0.01). On the other hand, only basal dendrites show relatively high levels for GluR4 and mGluR1␣. The labeling decreases toward the apical distal dendrites and is statistically significant ( p Ͻ 0.01). The density of gold particles was compared for all the dendritic segments, and the difference of gold labeling was statistically significant for all the cases ( p Ͻ 0.01). As a control, we quantified the level of labeling in presynaptic areas adjacent to the dendrites of FC. The density (ϮSEM) of gold particles in presynaptic terminals was the following: GluR2/3, 0.55 Ϯ 0.16; GluR4, 0.92 Ϯ 0.23; and mGluR1␣, Ab-1, 1.30 Ϯ 0.43; Ab-2, 1.16 Ϯ 0.27. A DIII, Apical tertiary dendrite; ADII, apical secondary dendrite; ADI, apical primary dendrite; BDI, proximal primary basal dendrite; BDII, distal secondary basal dendrite. Figure 9 . Histogram showing density of gold particles for GluR2/3 as a f unction of distance from the auditory nerve synapses on basal dendrites. The correlation coefficient between the density of gold particles and the distance from the PSD was not statistically significant (r ϭ 0). the synapse. Such a pool has been postulated as a receptor reserve, which would allow a rapid insertion of additional receptors into the postsynaptic membrane. For example, long-term potentiation (LTP) (Liao et al., 1995; Nicoll and Malenka, 1995) has been suggested to involve the addition of AM PA receptors to the postsynaptic membrane, with a likely source of these receptors being an intracellular pool (Nayak et al., 1998; Shi et al., 1998) . Because our results show a rather uniform distribution of receptors in the dendrite, recruitment of additional synaptic receptors would involve obtaining receptors from throughout the dendrite. If the addition of intracellular receptors is a component of LTP or other mechanisms involving rather rapid changes, the dendrite must use a mechanism to efficiently move these receptors.
The organization of intracellular receptors
Our analysis of intracellular glutamate receptors using 5 nm colloidal gold showed that labeling often occurred as groups of gold particles, suggesting that several receptors were closely associated in dendrites. Because AM PA receptors are complexes of four or five subunits Rosenmund et al., 1998; Rubio et al., 1998) , theoretically an equal number of antibodies could bind to a complex if it is homomeric. It is unlikely that more than one antibody could bind to a subunit because the antibodies are made to small peptides of approximately 15 amino acids. A similar labeling pattern was seen for mGluR1␣, which is believed to f unction as a single polypeptide. Another factor to consider is that multiple secondary antibodies could bind to a single primary to produce the clustered labeling pattern that we see. However, we think this is unlikely, because at synapses it is unusual to find gold particles at the numbers seen in the intracellular clusters. Often, one to three particles are associated with the entire postsynaptic density. Furthermore, BiP and calnexin staining in dendrites did not show a cluster pattern of staining, indicating that not all dendritic staining occurs in clusters. Our interpretation is that multiple receptor complexes are associated in the intracellular compartment.
Intracellular receptors are associated with tubulovesicular endoplasmic membranes in dendrites
It has been shown previously that membranes of the ER extend from the cell body to the most distal dendrites (Walton et al., 1991; Terasaki et al., 1994; K harazia et al., 1996) , including dendritic spines (Spacek and Harris, 1997) , and that such membranes express ER and Golgi proteins (Gardiol et al., 1998; Jareb and Banker, 1998) . The presence of these proteins in dendrites has been related to the local synthesis of some proteins (e.g., the ␣1 subunit of the glycine receptor), but it also indicates that proteins synthesized in the cell body could undergo posttranslational processing, such as glycosylation and assembly, in the dendrite. We find that the intracellular immunogold labeling of AM PA and metabotropic receptors was often associated with tubulovesicular membranes of the ER, identified by the presence of BiP or calnexin, indicating that this system could be a major route for the transport of dendritic proteins. The majority of long-distance organelle transport in axons and dendrites is thought to be achieved by the active movements of microtubuleassociated motor proteins, such as kinesins and cytoplasmic dyneins, along microtubule tracks (Hirokawa, 1998) . Although characterization of organelle movement and associated proteins has been probed mostly in axons, there is evidence indicating that a similar mechanism occurs in dendrites, including the mixed orientation of microtubules in dendrites that support organelle transport (Baas et al., 1988; Overly et al., 1996) , the identification of motor proteins of the kinesin family, such as K I FC2, and the observation in vitro that organelles can reverse direction by changing motor activation or association, or switch to another microtubule (Brady et al., 1982; Smith and Forman, 1988) . Myosins, which are involved in organelle transport in many systems, are also found in dendrites and may also play a role in dendritic protein movement (Mermall et al., 1998) .
In summary, we find that the intracellular distribution of receptors is related to the synaptic distribution of the receptor in general, such that dendritic branches with high levels of synaptic receptors also have relatively high levels of intracellular receptors. However, it seems unlikely that this mechanism alone can account for the highly organized synaptic receptor distribution. Rather, our results are consistent with the idea that targeting of proteins in dendrites is regulated at multiple levels. This would involve a general targeting step as we describe here, a local step at which receptor-containing organelles are moved to the synapse, and a step at which the receptors are stabilized at the synapse, which may involve interaction with an anchor, such as members of the PSD95/SAP90 family.
